Purpose Despite durum wheat accounts for only 5% of the global wheat production, it represents an economically important species, as a basic food and primary source of daily caloric intake in the Mediterranean basin area. By-products of agricultural processing, such as pomace, can be used to increase soil fertility, as they are indeed a source of important nutrients useful for crop growth. Methods The present research was carried out on durum wheat, as part of a long-term experiment. The study aimed at assessing the effects of mineral and organic fertilization with the use of wet olive pomace on a 3-year trial with crops grown in succession (fava beans-wheat-spelt). A split-plot experimental design with three replicates was used. The cultivars (Aureo and Vespucci) were assigned to the main plots and the seven fertilization treatments to the sub-plots. Results Our result showed that supplying wet olive pomace as soil improver was not sufficient to significantly improve soil fertility compared to the unfertilized control. However, when 60 kg ha −1 of nitrogen was supplied in coverage before tillering, in addition to 70 Mg ha −1 of wet olive pomace yield an increase of 66% in Aureo cv and of 222% in Vespucci cv, in comparison to the unfertilized crop. Conclusion The best management of fertilizers, associated with the use of more nitrogen-use-efficient genotypes, is essential for the development of a sustainable agriculture.
Introduction
Nitrogen is one of the most important limiting factors for plant growth and development, as its soil availability influences both crop production and quality (Marschner 1995; Epstein and Bloom 2005) . The use of mineral fertilizers has become a regular strategy all over the world to remedy the nitrogen deficiency and increase crop yields, with benefits for intensive farming (Laidig et al. 2017 ). However, these agronomic practices have contributed to a number of environmental problems, such as biodiversity reduction, air pollution caused by gas emissions, acid rain, and groundwater 1 3 pollution (Andrews et al. 2011; Butler et al. 2012) . For these reasons, it is important to adopt alternative strategies that can limit and/or reverse this trend, so that soil damaging can be stopped.
To promote sustainable agriculture, organic waste can be considered as an important resource. By-products of agricultural processing, manure, and other organic residues can indeed be used to increase soil fertility, as they are a source of important nutrients useful for crop growth, as well as for an overall improvement in soil quality (Davies and Lennartsson 2005; Erana et al. 2019) .
In many Mediterranean regions, olive oil production represents one of the most important resources in the agroindustrial sector.
The processes necessary for olive oil production lead to the formation of a semi-solid waste residue, the olive pomace. Wet olive pomace is thus a secondary product of the olive mills during olive oil processing, very abundant in the olive oil producing countries along the Mediterranean area. Due to progressive changes in olive-mill machineries to increase oil yields, nowadays pomace has on average a greater moisture (55-65%) and a lower oil content than in the past; in addition, a lower amount of vegetable water is produced. For this reason, quite often the pomace extracting industries do not consider economically convenient to buy it and the product has difficult commercial collocation, representing a waste which has to be properly discarded.
Wet olive pomace contains, however, large amounts of organic matter and nutrients (Alfano et al. 2008 ) and could, therefore, represent a valid soil amendment being conveniently reused in agriculture.
Studies carried out on this topic showed that the use of wet olive pomace and vegetable water as fertilizing matrices, on both herbaceous and tree crops, can give positive results on yield (Briccoli et al. 2002) and, similarly, can contribute to an increase in the content of soil organic matter and provide macro-and micro-elements (in particular nitrogen, potassium and zinc, magnesium, and copper), important for plant nutrition (Cucci et al. 2008 (Cucci et al. , 2013 .
These results can be observed mostly in the long term in relation to the quantities applied (Saviozzi et al. 1991) , after the wet olive pomace and vegetable water have undergone a series of biochemical transformations, and can be then integrated into the soil system; on the other hand, in the short term, there may be alterations in the acidity of the soils and in the mobility of some ions, as well as the occurrence of temporary phytotoxic effects (Montemurro et al. 2004) .
The aim of this work was to evaluate the effects of two different types of fertilization, inorganic and organic, on wheat yield and yield components, and on the final grain protein content (GPC) in two durum wheat varieties, Aureo and Vespucci. These two varieties have been chosen within a national collection of tetraploid wheats, because they have good productivity and GPC parameters, as shown by the evaluations for 2 consecutive years in different environments in Italy carried out by CREA (Council for Agricultural Research and Economics) (Quaranta et al. 2016 ).
Materials and methods
The research was carried out on durum wheat, as part of a long-term trial. The aim of the study was to assess the effects of mineral and organic fertilization with the use of wet olive pomace (WP) on a 3-year trial with crops grown in succession (fava beans-wheat-spelt). This type of crop rotation (legume-cereal-cereal) is widespread in Southern Italy. The amounts of WP supplied are indicated by the current legislation in Italy, which allows for the agronomic use of this by-product in three possible alternatives: distribution of 1/3 of the maximum expected each year of cultivation (70 Mg ha −1 ); distribution of 2/3 of the maximum (140 Mg ha −1 ) in the first year and 1/3 in the second year; only distribution of 210 Mg ha −1 of waste as such once every 3 years.
The experimentation was carried out in the 2016-2017 agricultural season, at DiSAAT (Department of Agricultural and Environmental Science, University of Bari Aldo Moro, Italy) on two durum wheat cvs (Triticum durum Desf.). Aureo and Vespucci cvs were grown in succession to fava bean, in a total of 42 containers of 0.72 m diameter and 0.60 m height, filled with 293 kg of sandy-loam soil having good fertility, whose main physico-chemical characteristics are described in Cucci et al. (2019) .
A split-plot experimental design with three replicates was used. The cultivars (Aureo and Vespucci) were assigned to the main plots and the seven fertilization treatments to the sub-plots (a non-fertilized control, three conventional mineral fertilization treatments and three organic fertilization treatments with wet olive pomace, WP).
In the conventional mineral fertilization, the three treatments consisted of nitrogen, phosphorus, and potassium supplied as follows: N 120 kg ha −1 , P 2 O 5 100 kg ha −1 , and K 2 O 100 kg ha −1 , as usual for durum wheat cropping in Southern Italy. Although the amount of phosphorus supplied was the same for the three treatments, the source of phosphorus used was different: in the first one, only single mineral superphosphate was supplied (hereafter named sample C1); in the second one, phosphorus was supplied with Fosfactyl, Top-Phos MPPA D-Coder 3-22, respectively, of N and P 2 O 5 with phosphorus protected by activated polyphenolic molecules (sample C2); in the third treatment, phosphorus was instead supplied with half of the phosphorous in the form of simple mineral superphosphate and the remainder in the form of Top-Phos (sample C3). The nitrogen was supplied in the form of ammonium nitrate (30% was applied at sowing and the remaining dose at coverage before the stage of stem elongation). Potassium was applied in the form of potassium sulfate.
In the treatments with organic fertilization, hereafter named P1, P2, and P3, wet olive pomace doses were supplied according to the 3-year trial and the current Italian legislation previously reported (70 Mg ha −1 in P1 and P2, and no doses in P3) (Italian law No. 574 of 11th November 1996) . Only the treatments P1, at the beginning of the stem elongation phase, were also fertilized with 60 kg ha −1 nitrogen in the form of ammonium nitrate. The treatments details are reported in Table 1 . The main characteristics of the wet olive pomace are shown in Table 2 .
The wet pomace was distributed and buried in the 0-20 cm soil layer, a month before wheat sowing. The sowing was carried out on November 25th 2016, by planting 350 seeds m −2 , distributed in three rows in each pot. From the seedling emergence to the end of the crop cycle, irrigation was made whenever there was a 50% of water loss due to evapotranspiration, and the volume was calculated to restore field capacity in each pot.
To evaluate the influence of WP on photosynthetic pigments content, the crop fertilized with only wet olive pomace without mineral nitrogen fertilization (treatment P2) was selected and compared with conventional fertilization (C1) and the non-fertilized control (T). To this aim, at tillering stage, 0.3 g of fresh leaves were sampled. The collected samples were immediately frozen in liquid nitrogen and stored at − 80 °C.
For the determination of photosynthetic pigments, frozen leaves were grounded in liquid nitrogen in a mortar with 1:30 (w/v) 80% acetone. Crude extracts were centrifuged at 10,000×g for 20 min at 4° C (Eppendorf 5417R).
The supernatants were used to determine the absorbance at 663.2, 648.8, and 470 nm, by visible spectrophotometry. The content of chlorophylls was calculated as described by the following Zhang and Kirkham (1996) :
The values were then related to the initial weight, to express the content of photosynthetic pigments in fresh weight mg g −1 .
Chlorophyll a = (12.25 ⋅ Ass 663. Moreover, the chlorophyll index was measured before and after flowering using the Chlorophyll Meter, SPAD-502, Minolta, to characterize the crop nitrogen status.
Samples were harvested at maturity on June 15th 2017, and the main morphological, productive, and technological parameters were evaluated: plant height, culms, ears, shoot dry biomass, seed yield, 1000 seed weight, hectoliter weight, and grain protein content. All production parameters were determined in each pot and referred to the square meter or hectare surface.
Grain protein content (GPC) was determined (according to Lin et al. 2014 ) on a representative sample of 3 g of whole wheat flour by near-infrared reflectance spectroscopy (Zeutec Spectra Alyzer Premium, Zeutec Büchi, Rendsburg, Germany). All the detected parameters were analyzed using the ANOVA statistical procedure and the Student-Newman-Keuls (SNK) test was used to highlight differences among the means.
Results and discussion
In this study, we investigated the effect of using both wet olive pomace (WP) and mineral fertilization on two durum wheat cultivars as a part of a 3-year/crop rotation with fava beans and spelt, and several considerations could be drawn. The high humidity and oil content of WP caused difficulties during both the spreading operations and the subsequent homogenization with the soil. This could be the cause of phytotoxic phenomena, as observed in other studies (Paris 1998) , where negative effects on the seedlings since emergence were observed in the samples with higher amount of amending material.
The young seedlings directly in contact with the WP particles during the very early stages of development (germination-emergence) showed a reduced and slower growth than those in the pots supplied with lower doses of WP and in control samples. Even during the subsequent phenological stages, evident differences in plant growth were observed in relation to increasing doses of WP. According to previous findings on this species grown under stress condition (Paris 1998) , plants treated with WP show longer vegetative phases and shorter reproductive ones.
Since a part of the organic nitrogen can be stored in the photosynthetic pigments in leaves, the levels of chlorophyll a, chlorophyll b, and carotenoids were analyzed during tillering stage in plants supplied with the two different types of fertilization. Mineral fertilization led to an increase in the three types of photosynthetic pigments for both varieties; on the contrary, there was no significant difference of chlorophyll and carotenoids contents measured in the leaves of plants treated with pomace and in control samples (Table 3) .
To have an indirect measure of the plant nutritional status during growth, the total chlorophyll content in leaves was assessed by SPAD measurements (chlorophyll index) at booting and flowering stages; the index confirmed the trend of photosynthetic pigments observed in the different treatments at tillering stage, with the mineral fertilized plants showing the highest values.
The two cultivars showed similar SPAD values at booting, whereas at flowering, significantly greater values were observed for Vespucci (Table 4 ; Figs. 1 and 2). No significant interaction was observed between cultivar and fertilization treatment compared (Table 4 ) and inorganic fertilization resulted in a significant increase in SPAD values in both varieties, both at booting and flowering phases. Organic fertilization induced no significant variation of SPAD values in both cultivars in the two different stages compared to the control treatment, apart a greater value at both phenological stages for treatment P1, which received 60 kg ha −1 of N in addition to the organic amendment (70 Mg ha −1 of WP).
Significant interactions between cultivars and fertilization were recorded for morphological parameters (Tables 4 and  5 ). In Aureo, the lowest plant height was recorded in the non-fertilized test, and no significant difference was found in the two types of fertilization (organic and mineral). In Vespucci, the highest plant height was found only in the three treatments with mineral fertilization, but no difference between control and organic fertilization was observed (Tables 4 and 5) .
In both cvs, the highest number of tillers was observed when mineral fertilization was supplied. This number decreased with the other treatments, and the values were not significantly different from the control samples (Tables 4  and 5 ). Spike number m −2 showed decreasing values from mineral fertilization, to the one integrated with 60 kg ha −1 of ammonium nitrate, and the lowest values were registered for organic supplement and control samples.
Consequently, in both cultivars, the highest production of shoot dry biomass was observed with mineral fertilization. In Aureo, no significant difference was found among the different types of organic fertilization (P1, P2, and P3) which showed significantly higher values than the control (Table 5 ). In Vespucci, treatment P1 (organic fertilization integrated with N) showed significantly greater production of dry biomass in comparison to the unfertilized control, while the treatments receiving only the organic fertilization (P2 and P3) showed intermediate and not significantly different behavior (Table 5 ).
Thousand kernel weight was higher in Vespucci (45.7 g) than Aureo (43 g), yet under control conditions. The inorganic fertilization promoted a significant increase of this parameter in both varieties. Despite values that were slightly higher in treated Vespucci samples, they were not significantly different among organic treatments and control. Aureo, however, showed no significant differences in thousand kernel weight among the different organic supplemented samples, and values (Tables 4 and 5 ).
The hectoliter weight did not show significant differences in the two varieties under control conditions (78.8 kg HL −1 ), whilst significantly increased only in Vespucci variety subjected to inorganic fertilization (83.5 kg HL −1 ). Also the grain harvested per hectare was not significantly different in the two varieties under control conditions, but the mineral fertilization promoted an increase in both varieties, though higher in Vespucci. These data suggested that, in productive terms, Vespucci responded better to fertilization treatments compared to Aureo.
The reduced availability of N in the soil is often considered to be the main factor responsible for the low crop productivity. Unfortunately, nitrogen supplied with organic fertilizer takes longer time to become available for plants (Krapp 2015) , while N supplied with mineral fertilizers is readily available. Therefore, with the supplying of 60 kg ha −1 of nitrogen in coverage before tillering in addition to 70 Mg ha −1 of wet olive pomace (treatment P1), yield an increase of 66% in Aureo cv and of 222% in Vespucci cv, compared to the unfertilized crop. Instead, in treatments P2 and P3 where only organic fertilization was carried out, the yield response of both cultivars did not change with respect to the unfertilized crop (Tables 4 and 5 ; Fig. 3 ). Similar results were found in maize from Chatterjee et al. (2018) , where the best yield performances were obtained with the addition of 10 Mg ha −1 of wheat residue mulch and 75 kg ha −1 of mineral N. Higher yield increases were achieved with mineral fertilization (C1, C2, and C3), with average increases of 301% and 414% for the Aureo and Vespucci cultivars, respectively, in comparison to the unfertilized crop (Tables 4 and 5; Fig. 3) .
Where different forms of phosphorus were used, no significant differences were found in any of the morphological, physiological, and production parameters determined, with the exception of the hectoliter weight of the cv of Aureo (82 kg HL −1 ) which was significant only when the phosphorus was introduced under form of Top-Phos in the treatment C2 (Table 5) .
Finally, it was verified if the different fertilization treatments, besides influencing grain yield, were also able to affect the grain protein content (GPC). The protein content was on average greater in Aureo than in Vespucci (11.34 vs 10.37 g 100 g −1 , respectively). Both cultivars showed significantly higher GPC when supplied with the mineral fertilizers (13.03 and 12.12 g 100 g −1 , for Aureo and Vespucci, respectively) in comparison to the organic fertilization and the unfertilized crop. In the organic fertilized treatments, the addition of 60 kg N ha −1 (treatment P1) induced a significant increment in GPC (+ 18.5%) in comparison to the fertilization with only wet olive pomace (P2 an P3) ( Fig. 4) .
Nitrogen fertilization is one of the major strategies used to increase crop yields (Laidig et al. 2017 ). Furthermore, a good nitrogen fertilization can also increase grain nitrogen content, and, therefore, determine an increase in GPC (Giuliani et al. 2011) . In this paper, the effects of both organic and inorganic fertilization on productivity parameters and on GPC in two durum wheat cultivars were studied. Literature data showed that an indirect measurement of the amount of leaf nitrogen and chlorophyll content can be obtained by SPAD values (Cartelat et al. 2005 ; Debaeke Xiong et al. 2015) . Our results showed that mineral fertilization increased the SPAD values in both cultivars, at booting and flowering stages, suggesting that inorganic fertilization provides immediately available nitrogen in the soil, which can then be easily absorbed and assimilated by plants. On the contrary, plants fertilized with wet olive pomace showed values lower than those observed with inorganic fertilization, but, at flowering stage, greater than the unfertilized control. This result confirms that nitrogen present in organic fertilizers is only available to plants in late growth stages (Sørensen and Amato 2002; Guster et al. 2005) . The increased availability of nitrogen for plants due to mineral fertilization was also evident from improved agronomic performance, with better results for height, number of culms, number of ears, and shoot dry biomass, which increased significantly in both cultivars.
Literature shows that the shoot biomass increment is closely related to nitrogen availability, and that its increase corresponds to a wider photosynthetic surface and a higher capacity to produce reserve compounds, with a consequent increase in yield (Spano et al. 2003; Masclaux-Daubresse et al. 2008) .
These data suggested that, in productive terms, Vespucci responded better to fertilization treatments than Aureo due to its genotype characteristics. The yield of 4.65 Mg ha −1 , allowed by a greater thousand seed weight and hectoliter kernel weight, obtained by Vespucci with WP and N 60 kg ha −1 fertilization (P1 treatment) can be considered satisfactory also from an economic point of view considering the high cost of mineral fertilizers with respect to the reduced transport and spreading costs of WP in the field. The physiological and morphological parameters showed a similar behavior in the two cultivars; therefore, it was not observed a different effect of WP apart from an overall greater productivity in Vespucci.
It has long been known that there is a negative correlation between productivity and GPC, strictly dependent on the genotype (Blanco et al. 2002; Oury and Godin 2007) . According to this, our data showed that inorganic fertilization determines an increase in GPC only in the Aureo cv, where the increase in grain production was significantly lower than in Vespucci. The GPC in cv Aureo also significantly increased with the pomace treatment, but no yield increment was observed.
The increase in GPC observed in cv Aureo, treated with both types of fertilizers, can be explained by the process of grain filling occurring in the final stages of plant growth, i.e., during ripening. The amount of nitrogen present in the kernels can depend both on re-mobilization during grain filling of the nitrogen absorbed before flowering (Triboï and Triboi-Blondel 2002) , a process strictly dependent on the availability of inorganic nitrogen in the soil (Kichey et al. 2006) , and on the capacity of the plants to absorb nitrogen from the soil nitrate during maturation (Bertin and Gallais 2000; Gallais and Coque 2005) , a stage in which the nitrogen of the pomace probably becomes available for absorption by the plants.
Indeed, our data showed that cvs Aureo and Vespucci, although starting from comparable values of productivity and GPC, used the nitrogen supplied differently. In fact, Vespucci showed an increase in productivity parameters, while Aureo increased its GPC. So far, while organic fertilization could be useful to improve GPC in specific cultivars, it could be less efficient in improving yield.
The different types of phosphorous supplied had no effect on the two durum wheat cvs growth and yield, as observed also by Molin et al. (2015) who did not find significant effects of the different types of phosphate fertilizers on wheat, probably due to the scarcity of effectiveness of Top-Fos on calcareous soils.
Conclusions
From our result, we can assess that wet olive pomace supplied as soil amendment, in the doses based on legislation in force in Italy, for 2 consecutive years, has not been sufficient to significantly improve the yield response of wheat compared to the unfertilized control.
When 60 kg ha −1 of nitrogen was added before the stage of the stem elongation, in addition to 70 Mg ha −1 of wet olive pomace yield an increase of 66% in Aureo cv and of 222% in Vespucci cv, compared to the unfertilized control. These results can be explained with the availability of nutritive elements for the plants only at a late stage of growth when organic fertilization is supplied.
The durum wheat cultivars compared in this study showed a different response in terms of yield and protein increase, indicating a different use of the nitrogen supplied with fertilization; in particular, Vespucci showed an increase of yield parameters, while Aureo showed an improvement of grain protein content. Physiological and morphological parameters showed instead a similar behavior. The good yield response of Vespucci, obtained with WP integrated by mineral N, can be considered satisfactory also from an economic point of view considering the low transport and spreading costs of WP in the field in comparison to the mineral fertilizers costs.
Although the organic is less efficient than the inorganic fertilization in improving wheat productivity, it could be useful to increase crop grain protein content.
The use of wet olive pomace represents an optimal and promising strategy to recycle organic wastes and increase soil organic carbon content, being in line with sustainable agricultural practices. However, its optimal management requires the incorporation in the soil before sowing, to avoid phytotoxic effects, as well as the integration with mineral fertilization, particularly for nitrogen supply.
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